A method is described for the initial steps of sequence analysis of RNase Tl-and pancreatic RNase-resistant oligonucleotides of RNA containing cytidylate residues labeled in vitro with 125i. i n many cases an oligonucleotide sequence can be deduced from a consideration of (i) its relative position in the two-dimensional fingerprint (with DEAE thin layer homochromatographic second dimension), (ii) its electrophoretic mobility on DEAE paper at pH 1.9, and (iii) identification of its products of further enzymatic digestion by comparison with a set of marker oligonucleotides. Additional methods including analysis of oligonucleotides following chemical blocking of uridylate residues with CMCT and analysis of products of incomplete enzymatic digestion are also discussed.
INTRODUCTION
Prensky (1) has demonstrated that Commerford's (2) method for in vitro 125 labeling of cytidylate residues of nucleic acids with I is suitable for the iodination of submicrogram quantities of RNA to high specific radioactivities. Previous studies in our laboratory (3,4) have established that 125 such I-labeled RNA can be subjected to two-dimensional fingerprinting analysis using conventional methods (5,6) yielding patterns similar to those of P-labeled RNA, and can be digested correctly by the base-specific RNases A, Tl, U2 and T2 and by bovine spleen phosphodiesterase. While the methods worked out by Sanger and his colleagues for sequence analysis of P-labeled RNA (5,6) depend upon base composition analysis of oligonucleotides and their enzymatic digestion products, this approach is not applica-125 ble to I-labeled oligonucleotides since, in this case, only the cytidylate residues are labeled (3). Therefore additional properties of oligonucleo-32 tides which have not been fully exploited for sequence analysis of Plabeled RNA must be harnessed.
We report here experimental approaches suitable for sequence analysis 125 of oligonucleotides labeled in vitro with I. Three RNA species of known sequence have been used for these studies: HeLa cell 5S RNA (7) York. Escherichia coli 5S and 6S RNA's were purified from a preparation of E. coli Strain B stripped tRNA (Grand Island Biological Company, Cat. No. 60450 ). The tRNA was purified by phenol extraction and cellulose CF11 chromatography (10), subjected to electrophoresis on a 10% polyacrylamide gel (11), and its 5S and 6S bands cut out and extracted as described by Dickson (12) . The tRNA carrier used in various procedures underwent the first purification steps only. 125 125 Other materials. Carrier-free I as Na I was purchased from New England Nuclear Corp. RNases Tl, T2, and U2 (Sankyo Co., Ltd., Tokyo, Japan) were purchased from CalBiochem. RNase A (5X recrystallized) was obtained from Worthington Biochemical Corp. Cellulose acetate strips, 3 cm x 55 cm, were obtained from Schleicher & Schuell. DEAE cellulose thin layer plates were obtained from Machery-Nagel, and DE81 DEAE paper from
Whatman. "Homomix c," used for fractionation of oligonucleotides on DEAE cellulose thin layer plates in second dimensions of fingerprints, was prepared as described by Brownlee (5) . The various buffers for one-dimensional electrophoresis on DEAE paper and Whatman 3MM paper were prepared according to Barrell (6) and are described in the appropriate figure legends.
Iodination of RNA. The Commerford reaction (2) for in. vitro labeling of RNA with I was carried out according to the method published by Prensky (1). Standard reaction mixtures had a volume of 8 microliters and final concentrations of 3.6 x 10~4 M RNA, 4.75 x 10~4 M thallic nitrate, 0.7 x 10~ M carrier-free I-sodium iodide, A.2 x 10~ M nitric acid, and 6.25 x 10 M ammonium acetate (pH 4.7). Reactions were carried out for 3 min at 64° C in a glovebox with a built-in activated charcoal filter system.
At the end of the reaction, samples were diluted to 0.5 ml with 0.05 M Tris-HCl-0.1 M NaCl-0.001 M EDTA (pH 7.0), heated for 20 min at 64° C to rid preparations of unstable iodination products (1,2) and purified by cellulose CF11 chromatography (10) to remove free iodide from the iodinated RNA.
After ethanol precipitation in the presence of 10 micrograms of carrier RNA, samples were resuspended in water and stored at -20° C until use. 125 Polyacrylamide gel electrophoretic analysis of iodinated RNA.
Ilabeled RNA samples were assayed for intactness on 20 x 40 x 0.035 cm 5%
polyacrylamide gels containing 8 M urea prepared according to the procedure of Sanger and Coulson (13) .
Digestion and fingerprinting of RNA. Ribonuclease Tl digestions were carried out in 2 microliters of 1 mg/ml RNase Tl dissolved in 0.01 M Tris-HCl (pH 7.5)-0.001 M EDTA for 40 min at 37° C. Digestions with RNase A (1 mg/ml in the same buffer) were carried out for 30 min at 37° C in the presence of 10 micrograms of tRNA carrier. Two-dimensional fingerprinting was carried out as described by Brownlee (5) and Barrell (6) . First dimensions consisted of high-voltage electrophoresis on 3 x 55 cm strips of cellulose acetate at pH 3.5. Oligonucleotides were then transferred from the cellulose acetate strips onto thin layers of DEAE cellulose (20 x 40 cm) by blotting. Second dimensions consisted of ascending RNA homochromatography using "homomix c" (5) at 60° C for about 18 hours. Fingerprints were exposed to Dupont Cronex 2 x-ray film at -70° C in 14" x 17" HalseyRadelin cassettes in the presence of two Dupont Lightning-plus intensifying screens.
Secondary enzymatic analysis of oligonucleotides. Following twodimensional fractionation, oligonucleotides were eluted from DEAE thin layer plates with a 30% solution of triethylammonium carbonate in water (pH 8.7) as described by Barrell (6) . Aliquots of each eluted spot were subjected to some or all of the following treatments:
RNase A, Tl, U2 and T2 digestions were all carried out in 5 microliters in the bottom of siliconized glass tubes at 37° C inside a humidity chamber (a closed container in which a humid atmosphere was maintained by water evaporation). The concentrations and times of incubation for these enzymatic digestions were as follows: RNase A, 1 mg/ml in 0.01 M Tris-HCl, pH 7. hours. Samples were blown out of the capillary tubes into 13 x 54 mm siliconized glass tubes, 4 microliters of RNase A (1 mg/ml) added to each, and incubation continued for 40 min at 37° C. Samples were spotted onto the middle of a 46 x 57 cm piece of Whatman 3MM paper as described previously (6). The paper was wetted with pyridine-acetate buffer pH 3.5 (see legend to
Figure 3), blotted with 3MM paper to reduce the moisture content, and subjected to electrophoresis at 2,500 volts until the middle of the blue marker (xylene cyanol FF) had migrated 5 cm. Immediately after electrophoresis, ends of the paper which had been directly in contact with buffer were cut off and the paper allowed to air dry. Oligonucleotides were located by autoradiography on Dupont Cronex 2 x-ray film and eluted from the 3MM paper using 3% triethylammonium carbonate. Deblocking (removal of CMCT) was accomplished by incubating samples in 10 microliters of 0.5 M NH.OH containing 1 mg/ml carrier RNA for 16 hr at room temperature.
Buffers for one-dimensional DEAE paper electrophoresis used in the analysis of oligonucleotide enzymatic digestion products were prepared as described previously (5, 6, 14) and as detailed in the figure legends. 125 Mobility measurements of I-labeled oligonucleotides. The convention of expressing mobilities of oligonucleotides relative to the position of the 32 blue dye marker (xylene cyanol FF) has been established for P-labeled oligonucleotides (5,6). However, in the case of iodinated oligonucleotides, we found that mobilities expressed relative to the position of iodo-C ("R IC ") were more reproducible. Therefore, following paper electrophoresis and autoradiography, the distance from the origin to the center of intensity of each spot in the autoradiogram was measured, and its mobility relative to that of iodo-C in the same experiment calculated.
RESULTS
Integrity of I-labeled RNA. Three purified RNA species were subjected to chemical iodination with l under the conditions described in Materials and Methods. Aliquots of each sample containing 10 pg carrier RNA were subjected to electrophoresis on a 20 x 40 x 0.035 cm 5% polyacrylamide gel containing 8 M urea. The gel was run at 1,000 volts until the xylene cyanol FF blue dye marker had migrated 35 cm. The left slot contained 3.8 x 10° cpm of 125 I-labeled potato spindle tuber viroid RNA (PSTV; specific activity 32 x 10° cpm/ug); the two distinct bands revealed in the figure are the subject of continuing investigation (unpublished experiments of E.D. and E. C. Lawson III). The central slot contained 1.2 x 10 5 cpm of 125 I-labeled 7S RNA (specific activity 6 x 10°c pm/ug) isolated from tomato plants. The right slot contained 2 x 10° cpm of 125i-labeled tomato 5S RNA (specific activity 25 x 10° cpm/ug).
highly resolving, polyacrylamide gels subsequent to tn vitro labeling with 125 I. '
Analysis of 32 P-and 125 I-labeled HeLa 5S RNA.
32
P-labeled HeLa 5S RNA was isolated from HeLa cells grown in the presence of P-inorganic phos-125 phate, and unlabeled HeLa 5S RNA was labeled ^n vitro with I as described in Materials and Methods. These two RNA preparations were digested by RNase Tl and subjected to two-dimensional fingerprinting analysis ( Figure   2A and 2C). Visual comparison of these two fingerprints reveals that, while 32 the patterns are similar, the fingerprint of P-labeled HeLa 5S RNA has several extra spots (cf. Figure 2A and 2C). All RNase Tl-resistant oligonucleotides detected by autoradiography were eluted from the DEAE cellulose thin layers using standard techniques (5,6). In the case of the P-labeled RNA, aliquots of each eluted oligonucleotide were subjected to further enzymatic digestion either with RNase A, U2 or T2. The products of digestion were identified by paper electrophoresis and base composition analysis as described by Barrell (6) and Brownlee (5) . Furthermore, each oligonucleotide was digested to completion with polynucleotide phosphorylase (which removes 5' mononucleotides from the 3' end until only three remain in the form XpYpZgn5 see reference 15). Then these 5'-terminal trimers were divided into 32 two aliquots and treated either with ribonuclease T2 (yielding P-labeled Xp and Yp which were subsequently identified by one-dimensional electrophoresis on Whatman 3MM paper at pH 3.5), or with snake venom phosphodiesterase (yielding P-labeled pY and pZ which were identified in the same way).
These studies allowed us to assign sequences to each of the eluted oligo-32 nucleotides of the P-labeled HeLa 5S RNA (see Figure 2B ). Comparison of this data with the published sequence of human KB cell 5S RNA (7) suggests that the sequences of these two RNA's are very similar and could be identical since the set of RNase Tl-resistant oligonucleotides is the same in each case. 125 In the case of I-labeled HeLa cell 5S RNA, aliquofs of each eluted RNase Tl-resistant oligonucleotide were subjected to a series of further operations as follows: (a) electrophoretic mobility on DEAE paper at pH 1.9 was determined; (b) the products of RNase A digestion were identified by electrophoresis at pH 1.9; (c) the products of RNase U2 digestion were identified following digestion and electrophoresis at pH 1.9; (d) the presence of iodo-C (and the absence of rare bases) was confirmed by digestion with RNase T2 and electrophoresis at pH 1.9; (e) the products of RNase A digestion of CMCT-modified oligonucleotides were separated by electrophoresis on Whatman 3MM paper at pH 3.5. In the case of CMCT-modified oligonucleotides, C?
"O "* ©.«"" »o . Oligonucleotides were eluted, subjected to further analysis (see text), and sequence assignments made. All but one of these oligonucleotides were found to correspond to those expected from the published sequence of KB cell 5S RNA: the exception, AGC, is depicted by a broken line. spots were eluted, deblocked as described in Materials and Methods, and subjected to RNase A digestion and electrophoresis on DEAE paper at pH 1.9 together with oligonucleotide standards of known sequence. When these data were collected and analyzed, we were able to assign sequences to all of the RNase Tl-resistant oligonucleotides isolated from I-labeled HeLa 5S RNA (for sequence assignments, see Figure 2D and spots with matching numbers in Figure 2B ). Once these sequence assignments had been completed, comparison of Figures 2B and 2D revealed that each I-labeled oligonucleotide occupies a position in the overall fingerprint pattern similar to that occupied by its P-labeled counterpart. 1 25 Figure 2E shows an RNase A fingerprint of I-labeled HeLa 5S RNA.
Each spot was eluted from the fingerprint, its electrophoretic mobility on DEAE paper at pH 1.9 determined, the presence of iodo-C as the sole product of RNase T2 digestion confirmed, and the products of RNase Tl and RNase U2 digestion identified by electrophoresis on DEAE paper at pH 1.9 in the presence of known markers. RNase U2 treatment was also carried out on each oligonucleotide under conditions of incomplete digestion (2 units/ml RNase U2 incubated at 37° C for 1 hr). Under these digestion conditions, RNase U2
showed a high degree of specificity for A (as opposed to G) residues. This finding, which we first confirmed using short oligonucleotides of known sequence, proved very useful in subsequent analyses. The sequence assignments of the RNase I shown in Figure 2F . I-labeled oligonucleotides on DEAE paper at various pH's. A mixture of five C-containing RKA digestion products was prepared by purifying C, AC, CG, GAC, and AAACG from oligonucleotides of known sequence. Aliquots of this mixture (containing about 100 cpm of each oligonucleotide) were then spotted 10 cm from one end of four 10 x 60 cm sheets of Whatman DE81 DEAE paper. Each sheet of paper was then wetted with one of the following four standard buffer systems (6,14): "1.9"-2.2% formic acid (made by diluting stock 88% formic acid 1:40), 8.7% glacial acetic acid; "2.3"-6.16% formic acid (made by diluting stock 88% formic acid 7:100), 0.75% pyridine; "3.5"-5% glacial acetic acid, 0.5% pyridine; "7%"-7% formic acid; all buffers were made 0.005 M in EDTA immediately before the run as discussed in the text. Each paper was then placed in a Savant high-voltage electrophoresis tank containing the appropriate buffer system (lacking EDTA) and varsol coolant equilibrated with that buffer. Electrophoresis was carried out at 3,000 volts until the front of the xylene cyanol FF blue marker had migrated 8 cm. "B" indicates the middle of the blue; "0" indicates the origin. Papers were dried and autoradiography was carried out with Cronex-2 x-ray film and Lightning-Plus intensifying screens at -70° F. The order of running of the oligonucleotides at pH 1.9 is (from bottom to top) AAACG, GAC, CG, AC and C. 7% formic acid system, while yielding slightly streakier spots than the pH 1.9 system, produces higher mobilities of oligonucleotides with respect to the position of iodo-C and is therefore useful for separation of long oligonucleotides which would be on or near the origin following electrophoresis at pH 1.9.
Effect of base composition on electrophoretic mobility. To study the 125 effect of the addition of individual nucleotides on the mobility of Ilabeled oligonucleotides, we analyzed a series of four mixtures (see Figure   4 ). Lanes B (C, GC, GGC and GGGC) and D (C, CG, UCG and UUCG) of Figure 4 illustrate the fact that G and U residues both markedly reduce the relative mobility of an oligonucleotide during electrophoresis on DEAE paper at pH 1.9.
In contrast, addition of C's (lane C) results in a relatively minor retardation of oligonucleotide mobility while addition of A's has an intermediate effect (lane A). It should also be noted that the effect of adding additional bases upon the mobility of an oligonucleotide decreases as the overall length of the oligonucleotide increases (see Figure 4) .
It was thus evident that considerable information could be derived from the electrophoretic mobilities of oligonucleotides up to five or six bases in length. In order to compile a more substantial catalogue of mobilities, we iodinated three more RNA species of known nucleotide sequence-12. coli 5S
RNA (8) . High-voltage electrophoretic analysis of several groups of related J-2Si_i a beled oligonucleotides. About 2,500 cpm of various mixtures of 125j_ labeled oligonucleotides of known sequence were subjected to high-voltage electrophoresis at pH 1.9 and 3,000 volts until the front of the blue marker, xylene cyanol FF, had migrated 8 cm. The paper was dried and subjected to autoradiography as described in the legend to Figure 3 . "0"-the origin of electrophoresis; direction was from the bottom of the figure to the top; "B"-middle of the blue dye marker.
analysis, and carried out secondary analysis and sequence assignments as described above for HeLa 5S RNA. These oligonucleotides were subjected to DEAE paper electrophoresis at pH 1.9 and their mobilities relative to that of iodo-C determined. A subset of these mobilities is presented schematically in Figure 5A . Table I Figure 5 . Relative electrophoretic mobilities of various ^"I-labeled oligonucleotides. Representative oligonucleotides were prepared by RNase digestion of 125i_i a t, e i e( j RJJA species (see Table I for sources). (A) Electrophoretic mobilities of G-, A-and C-terminated oligonucleotides at pH 1.9 on DEAE paper. The mobility of oligonucleotides is expressed relative to iodo-C taken as 1.0. The positions indicated represent the median values obtained following two to eight determinations. "Blue" indicates the midpoint of the xylene cyanol FF blue marker dye. (B) Electrophoretic mobilities of unmodified and CMCT-modified oligonucleotides on Whatman 3MM paper at pH 3.5. RNase Tl-resistant CMCT-modified oligonucleotides were prepared as described in Materials and Methods, subjected to pancreatic RNase digestion, and then spotted onto Whatman 3MM paper along with selected markers of known sequence. Electrophoresis was carried out at 2,500 volts until the blue marker dye ("Blue") had migrated 5 cm. As in the case with 32p_i a t, e i e d CMCT-modif ied oligonucleotides, some of the ^"I-labeled oligonucleotides (particularly those containing more than one modified base) migrate towards the cathode (6). A dot is placed over each CMCT-modified residue. Table I . Mobilities of iodinated oligonucleotides following electrophoresis on DEAE paper at pH 1.9 relative to the mobility of iodo-C. Although they vary up to about ±5% from one experiment to the next, individual oligonucleotides always retain the same order. We have therefore found 125 it necessary to use a set of I-labeled marker oligonucleotides (a mixture of AAACG, GAC, CG, AC and C), which is included as one sample in each experiment, to allow us to make direct comparisons between experiments. Table II illustrates a more serious problem which has been encountered in the last two years. Certain batches of Whatman DE81 paper have undergone dramatic alteration in their properties so that the relative mobilities of oligonucleotides are significantly different from those presented in Table I . This lack of reproducibility from one roll of DEAE paper to another underscores the need to include a set of markers in all experiments. 32 Placement of U residues. In the sequence analysis of P-labeled RNA, it is frequently possible to determine the position of a U in an oligonucleotide sequence by blocking the U residues chemically with CMCT and analyzing the RNase A digestion products (6). Since RNase A cannot cleave next to a CMCT-derivatized U residue, cleavage occurs only next to C's. We have ap- "Roll 1" refers to a particular roll of Whatman DE81 DEAE paper which gave results typical of those obtained over the entire course of these studies (1972) (1973) (1974) (1975) (1976) (1977) (1978) . "Roll 2" refers to significantly different results which have been obtained with certain batches of Whatman DE81 paper supplied within the past two years.
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unmodified oligonucleotides following electrophoresis on Whatman 3MM paper 32 at pH 3.5 are shown in Figure 5B . As is the case with P-labeled oligonucleotides, those oligonucleotides containing a modified G or U residue are positioned closer to the origin than their unmodified counterparts. In some cases they actually migrate toward the cathode at pH 3.5. The distinctive behavior of U-containing oligonucleotides in this system thus provides an independent source of information for sequence deduction. The resulting sequence assignments can be further tested by eluting the oligonucleotides, deblocking them (i.e. removing CMCT; see Materials and Methods), and subjecting them to electrophoresis on DEAE paper as described above. Once again, we routinely include CMCT-modifled and unmodified marker oligonucleotides of known sequence in the above manipulations.
The seven C's experiment. Ideally, for sequence studies, we should have access to methods of iodination that result in essentially random labeling of all of the cytidylate residues to a high specific activity without bias with respect to the nearest neighbor of the residue to be modified. In order to test for the presence of such bias, we have prepared two HeLa 5S RNA samples iodinated to different extents (1% and 28%) in collaboration with Dr. W. Prensky, Sloan-Kettering Institute, New York, N.Y.
Because the presence of one iodinated cytidylate residue in an oligonucleotide causes a shift to faster mobility in the first dimension of fingerprints (3), it is not surprising to find that the presence of two iodinated cytidylate residues within the same oligonucleotide will cause it to migrate even faster in the first dimension (i.e., further to the left).
The iodinated RNA species used for the studies presented above were iodinated with carrier-free I to specific activities ranging from 10 to 10 cpm Figure 6A shows that, in the case of 1% iodination, only one spot appears in this region. Longer exposure of the fingerprint in Figure 6B indicates the presence of a sixth and possibly a seventh spot in the horizontal row (data not shown). These spots were cut out and their radioactivity determined. The proportion of labeled fragments present in each position was calculated and the results compared with those expected on the basis of a Binomial distribution of iodination events (see Table III ) . While the data follow the Binomial distribution quite well up to the case where four cytidylate residues are iodinated, the fifth, sixth and seventh classes are roughly double, four times, and ten times the predicted values. Although we do not know the reason for this apparent overrepresentation of classes five to seven, it is clear that there is no significant bias in iodination with respect to preferred nearest neighbor and further, that as the extent of iodination is increased, there is no hindrance to the iodination of all the C's present. In the above rationale, two sequence-dependent properties of oligonucleotides are utilized which have not been fully exploited in methods for the sequence analysis of P-labeled RNA (5,6). Both of these properties, the position on DEAE thin layers used for fingerprint second dimensions and electrophoretic mobility on DEAE paper at pH 1.9, are subject to variation from one experiment to another. Despite this variability, the use of internal mobility markers allows us to take full advantage of the above properties 125 for analysis of I-labeled oligonucleotides. In particular, the spatial relationships of oligonucleotides to each other in fingerprints is reproducible, although the absolute position of any particular oligonucleotide is not.
Furthermore, the inclusion of oligonucleotides of known sequence in one-dimensional electrophoretic mobility determinations ensures consistent identification of the unknown oligonucleotides.
Analysis of partial spleen exonuclease digestion products of long RNase Tl-resistant oligonucleotides (17,18), as well as determination of the order of oligonucleotides within an RNA molecule (by working out a unique set of overlapping RNase A and Tl products or by analysis of partial endonucleolytic 125 digestion products (5,6)) are both considerably more difficult for I-than 32 for P-labeled RNA. This is mainly a result of the fact that the Commerford iodination reaction (2) labels only C residues (3). Thus, on the average, Clark, Jr., personal communication) to harness a method published by Dale et al. (19) for the iodination of both C and U residues of RNA involving conversion of covalently mercurated C and U moieties to their iodinated derivatives. However, numerous technical problems remain to be solved before this new method can be used in routine analysis. A second way to improve the potential for sequence analysis of I-labeled RNA would be to locate an enzyme with an absolute specificity for C residues. While no such enzyme has been discovered, the chemical blocking agent, CMCT, which modifies U and G residues, has been used to convert RNase A into a C-specific enzyme by interfering with its ability to cleave next to U's. By combining an analysis of RNase A-resistant oligonucleotides from CMCT-blocked RNA with the other approaches we have described in this communication, Legon et al. (20, 21) (30) , (ii) to show that they breed true (31) , and (iii) to locate at least one base substitution associated with a major change 'in their diseasecausing ability (32) .
125
In conclusion, improved and expanded applications of I labeling are certain to play a role in the intensified study of eukaryotic RNA structure and function.
ABBREVIATIONS CMCT, N-cyclohexyl-N'-(B-morpholinyl-(4)-ethyl) carbodiimide-methyl-p-toluene sulfonate; DEAE, diethylaminoethyl; EDTA, ethylenediaminetetraacetic acid; IC» relative electrophoretic mobility of a particular oligonucleotide as compared to iodo-C taken as 1.0; iodo-C, 5-iodocytidine; C, A, U, and G, the 3' monophosphates of cytidine, adenosine, uridine and guanosine; sequences are written without intervening phosphates (for example, AACG means 5'-ApApCpGp-3 1 ).
